Abstract. The Marsh fritillary (Euphydryas aurinia) (Lepidoptera: Nymphalidae) has declined across Europe, including the Czech Republic. Current conservation strategies rely on prevention of habitat loss and degradation, and increase in habitat quality and connectivity via promoting traditional grassland management. The population structure and adult demography parameters of a single population was investigated for eight years (single system), and of all the known Czech populations (multiple populations) for a single year, using mark-recapture. There was substantial variation in the patterns of adult demography, both among years in the single system and among the multiple populations in a single year. In the single system, the date of the first flight of an adult varied by 18 days over the 8 years and total annual numbers varied with a coefficient of variation of 0.40 (females fluctuating more than males). The average density was ca 80 adults/ha. The population size displayed density-dependence, i.e. decreased following years with high adult numbers, with an equilibrium density of 90 individuals/ha. The average density of the multiple populations was ca 120 individuals/ha. The estimated total population for the Czech Republic was 25,000 individuals (17,000 males / 8,000 females) in 2007, which does not indicate an imminent threat of extinction. The regional persistence of E. aurinia is likely to depend on recolonisation of temporarily vacant sites by dispersing individuals, facilitated by local shifts in adult flight phenology to that better adapted to local conditions.
INTRODUCTION
During the last decades, the twin effects of agricultural intensification and abandonment of less productive land caused a loss of semi-natural grassland across Europe, including humid grassland in sub-mountain regions (Sawchik et al., 2003; Sang et al., 2010) . Land drainage, fertilisation, merging of originally separate fields, sowing grass mixtures and homogenisation of grazing pressure on the one hand, and scrub encroachment and afforestation schemes on the other hand, have reduced the area of habitat available for many specialised grassland insects (e.g., Oxbrough et al., 2006; Reidsma et al., 2006) . Many once-common grassland butterflies have declined in abundance across Europe (Kuussaari et al., 2007; Nilsson et al., 2008; Van Dyck et al., 2009) .
Euphydryas aurinia (Rottenburg, 1775) (Lepidoptera: Nymphalidae) is a butterfly threatened by these developments all across Western (e.g., Schtickzelle et al., 2005; Fowles & Smith, 2006; Bulman et al., 2007) , Northern (Saarinen et al., 2005) and Central (Anthes et al., 2003; Hula et al., 2004) Europe. Owing to the extinction of populations in temperate Europe, it has been included onto the EU Habitats and Species Directive (Council Directive 92/43/EEC). Despite a geographic range reaching from Britain to the Amur region and Japan (Tolman & Lewington, 1997) , within which it inhabits diverse biotopes and its larvae develop on many different host plants (Singer et al., 2002; Liu et al., 2006; Stefanescu et al., 2006) , populations appear to be regionally host-and habitat-specialised (Warren, 1994; Munguira et al., 1997; Betzholtz et al., 2007; Junker & Schmitt, 2009 ). Those inhabiting W and C Europe occur in humid to dry nutrient-poor grassland (Konvicka et al., 2003; Bulman et al., 2007) , a severely declining habitat. This is also the case in the Czech Republic, where a decade ago, E. aurinia was known from less than ten sites. Surveys carried out from 2002 onwards led to the discovery of over 100 colonies, all in Western Bohemia (Fig. 1) . Most of the colonies are small (mean area: 1.5 ha), the total area of distribution is less than 300 ha, and the colonies display metapopulation dynamics with patch extinctions and colonisation (Hula et al., 2004; Konvicka & Benes, 2008) .
The patterns in adult within-patch demography in Czech populations were studied using mark-recapture. This approach is widely used in butterfly ecology, but despite its venerable tradition (e.g., Ehrlich et al., 1975; Ehrlich & Hanski, 2004) few studies have been done over many seasons using flexible modern approaches (e.g., Fleishman et al., 2002; Schtickzelle et al., 2006) , and none on E. aurinia has included many seasons/sites. In other species, such comparisons demonstrate that colonies within metapopulations display considerable variation in internal dynamics (Boggs, 1987; Schtickzelle et al., 2002) , as predicted by metapopulation theory (Hanski, 1999) ; and that short-term data underestimate the magnitude of population changes (Thomas et al., 2002; Hellmann et al., 2003) . Recently, density-dependent regulation of population sizes was recorded in mark-recapture studies spanning many seasons (Schtickzelle & Baguette, 2004; Nowicki et al., 2009) , rekindling the debate on the relative importance of density dependence in the population dynamics of specialist insect herbivores.
The setting of this study allows the comparison of variation in basic demography patterns across seven seasons (2002) (2003) (2004) (2005) (2006) (2007) (2008) at a single site, with patterns in a single year (2007) for practically all of the known Czech E. aurinia colonies. Specifically, the intention was to answer the following questions: (i) how do phenological patterns, such as the onset and termination of the adult flight period, vary among years within a single system, and among systems within the region; (ii) how do basic demography parameters calculable from mark-recapture data, such as survival rate, longevity and catchability, vary among years within a single system; (iii) to what extent are survival, longevity and catchability patterns recorded for a single population transferable across sys- tems; (iv) is there evidence for density dependent population regulation in the seven-season study, and if so, what is the threshold density, or population carrying capacity?; and finally, (v) what is the size of the population of E. aurinia in the Czech Republic and what does this tell us about its present conservation status?
MATERIAL AND METHODS

Study system
The adults of Euphydryas aurinia emerge and fly from mid-May until late June in C. Europe. The males acquire females by alternately perching and patrolling and mated females lay eggs in batches on particular host plants. Larvae feed gregariously until autumn, hibernate in communal nests and resume feeding solitarily in early spring. All Czech populations use a single larval host plant, Succisa pratensis (Moench, 1794), which grows in nutrient-poor grassland and fens (Bühler & Schmid, 2001) . Ovipositing females prefer prominent plants growing in rather short sward, e.g., on drier areas within meadows (Konvicka et al., 2003) .
Eight year single system study
The eight year single system study was carried out near Karlovy Vary, W. Czech Republic (50°9´N, 13°2´E, altitude 650 m), on a hilly piedmont of the volcanic Doupovske Mts. The study area consisted of a network of 30 humid meadows (summed area: 28 ha), separated from one another by ponds, shrubby hedges and woodland (Fig. 1B) . Previously, the demography of Argynnini fritillaries (Zimmermann et al., 2005 (Zimmermann et al., , 2009 and the dispersal of four butterfly species , were studied in this area.
Adult butterflies were marked daily from late May to late June from 2002 to 2008. Each day, weather permitting, observers walked a zigzag transect across each of the meadows, with time spent in each meadow proportional to meadow size. Each butterfly captured was marked with a unique number and its sex and position of capture noted before release at the site of capture.
Single year multiple population study
For the multiple population study, the 82 colonies known to be occupied in 2006 were divided into seven clusters (Fig. 1A) , based on their geographic proximity and similarity of conditions. A temporary field base, consisting of one researcher and 2-3 students, was established close to each of the clusters, and we attempted to sample equally each cluster during the flight period (Table 1) .
Demography analyses
Constrained linear models (CLM), applying the methodology of generalised linear models to mark-recapture data, were used (Lebreton et al., 1992 ; application for butterflies: Schtickzelle et al., 2002) . In MARK package (White & Burnham, 1999) , the Jolly-Seber method, POPAN parameterisation, suitable for open populations with births, deaths, emigration and immigration was used. This method estimates three primary parameters, daily residence rate, i (combining mortality and emigration in open populations), catchability pi, and the proportional probability of entering the population, Pent. Derived parameters are daily births, Bi, daily population size, Ni, and total population size, Ntot.
The primary parameters can be independent of sex and the day on which each butterfly was marked -i.e., (.) in MARK notations -, can differ between sexes (g), or can respond to time in a factorial (t), linear (T) or a polynomial (T 2 , T 3 ) manner. Sextime interactions can be either additive -e.g., (g+t), or multiplicative -e.g., (g*T 2 ). From sets of models differing in parametrisation, MARK selects model(s) having high explanatory power with minimum redundant parameters, using the information theory approach (quasi-Akaike information criterion, cAIC), herein referred as Best models.
To obtain single ("average") values of residence ( ´) and catchability (p´) for each year or system, the most appropriate POPAN model in which these two parameters were fixed not to depend on time were computed. These models, herein referred to as Common residence and Common catchability models, were used to compare residence and catchability among sexes, seasons and populations. Average residence ´was converted into residence time (or "longevity") using the formula -(ln ´) -1 (Cook et al., 1967) .
Density dependence and carrying capacity
Density is estimated population size divided by area. Plotting annual population changes Ntot(y) /Ntot(y+1), against population densities, Ntot(y), (Akgakaya et al., 1999) and solving the resulting exponential equation via nonlinear estimation, indicates whether density dependent changes occurred in adult numbers in the single population. The population density where Ntot(y+1) /Ntot(y) = 1 is the carrying capacity, K.
RESULTS
Single system
During the seven seasons, 7,400 individuals were marked of which 3,876 were recaptured (Table 1) All Best models (Table 2 , Fig. 2 ) indicate that the probability of capture p differed between sexes and varied factorially with the day on which they were marked. The pattern was additive in all years, with p always higher for males. Residence rates remained constant but differed between sexes in five years, but an additive interaction was recorded in 2002 and 2007. The proportional recruitment Pent always displayed time-sex interactions, additive in five and multiplicative in two years, and followed domed patterns in six years. Protandry, or earlier recruitment of males, was apparent in all years (Fig. 2) .
The fit of the Common residence and Common catchability models was reasonably good, and could be used to provide standard errors of estimated parameters, except in the case of the poorly fitting Common catchability model for 2002 (Tables 3, 4 ). The Common residence models (Table 3) indicate that the males stayed in the areas in which they were initially caught for longer than the females in four years (2002, 2003, 2005, 2008) and for a shorter period in three years (2004, 2006, 2007) . The resulting average residences ´did not differ between sexes (males: 0.898 ± 0.0249 SD, females 0.893 ± 0.0310 SD; paired t6 = 0.43, P = 0.68). The derived average longevity was 10.1 days (range: 7.3-18.0) for males and 9.6 days (6.4-16.4) for females. The Common catchability models (Table 4) indicate that the average annual catchabilities p´ were higher for males (0.164 ± 0.0318 SD) than for females (0.085 ± 0.0485 SD) (paired t6 = 3.78, P < 0.01).
The annual values for longevity and catchability, computed separately for males and females, did not correlate with the days on which the butterflies were marked in each year (all P > 0.1). This observation shows that the patterns did not depend on the duration of the study in individual years.
Estimates of total populations Ntot summed for both sexes never dropped below 1000 individuals (Table 2 estimated sex ratios were male biased in all years. The lowest annual numbers of females were close to 300 individuals (2004, 2005, 2006) . The estimates of total annual numbers of males and females did not correlate with average catchability of sexes (all P > 0.1).
Multiple populations
A total of 9,478 individuals were marked of which 2,911 were recaptured, including the individuals recorded in the single system study in 2007 (Table 1 ). The timing of flight periods differed among the systems. At low altitudes (systems I, II, III), males had already started flying when the marking began, whereas at high altitudes (VI, VII), males started to appear at the time the marking began. There was a corresponding shift in the time of when the last individuals were marked (Fig. 3) .
Best models (Table 2 ) indicate a more complex pattern for the Multiple populations than the single system. Residence was independent of time but differed between sexes in three systems (II-IV), and responded to (factorial) time in the rest, in three cases additively and in one (VI) multiplicatively. The pattern in catchability was also more complex. A more factorial response to time (t) was indicated for one system (V), additive responses (g+t) for four systems and multiplicative (g*t) response for two systems (VI, VII). There was consistently a time-sex interaction in the recruitment, Pent, five times additive and two times multiplicative; the response was linear in two systems (III + IV) and polynomial in the rest; and protandry was apparent in all systems (Fig. 4) .
The fit of the Common residence and Common catchability models was reasonably good and indicated low standard errors for the estimated parameters (Table 3, 4) . Common residence models (Table 3) revealed no differences in average residence ´between sexes (males: 0.861 ± 0.0439, females: 0.849 ± 0.0378, paired t6 = 0.97, P = 0.37). Male residence was positively correlated with altitude (rs = 0.79, t7 = 2.84, P < 0.03) but no correlation in the case of females (rs = 0.46, t7 = 1.17, P = 0.29). The average longevity was 7.1 days for males (range: 3.8-9.0) and 6.5 days for females (range: 4.3-10.2).
The Common catchability models (Table 4) indicated that females were less catchable in two systems (I, VII).
The average male catchability p´ was significantly higher (0.158 ± 0.0687 SD) than that of females (0.111 ± 0.0439 SD) (paired t6 = 2.51, P = 0.046). As in the single-system study, neither average residence nor average catchability, are correlated with the total number of days over which the butterflies were marked (all P > 0.1).
Estimates of Ntot showed that all studied systems except III hosted thousands of adults; the largest one being IV (over 9000 individuals), followed by VII and V. The sex ratio was male biased in all systems but VI. Recalculating the population sizes in terms of density gave ranges of 14-273 (males), 6-106 (females) and 20-379 (both sexes) / ha. 
Single system vs. multiple populations
Comparing the average residences ´ from the single system (males 0.898 ± 0.0249 SD, females: 0.893 ± 0.0310) with those recorded for the multiple populations showed that average single system residence was marginally higher than multiple populations residences for males (single-sample t, t6 = -2.26, P = 0.06) and significantly higher for females (t6 = -3.05, P < 0.05). Average single system catchabilities (males: 0.164 ± 0.0318, females: 0.085 ± 0.0485) did not differ from those recorded for multiple populations (males: t6 = -0.22, P = 0.83; females: t6 = 1.54, P = 0.17).
Average residence correlated negatively with density in the single system, females (rs = -0.810, t7 = -3.10, P < 0.05), implying that high density either diminished survival or increased emigration. This was not recorded for males in the single system (rs = -0.500, t7 = -1.29, P = 0.25), or for both sexes in the multiple populations (males: rs = 0.071, t7 = 0.16, P = 0.88; females: rs = 0.252, t7 = 0.58, P = 0.59). Average catchability was not influenced by density, neither in the single system (males: rs = -0.234, t7 = -0.54, P = 0.61; females: rs = -0.450, t7 = -1.28, P = 0.31), nor across multiple populations (males: rs = -0.500, t7 = -1.29, P = 0.25; females: rs = -0.234, t7 = -0.54, P = 0.61).
Density dependence and total population in the Czech Republic
The average annual population density/ha in the single system (males: 62.1 ± 30.11, females: 20.6 ± 10.18, both sexes 82.9 ± 32.77) was lower than that recorded in the multiple populations (males: 90.6 ± 89.02; females: 38.7 ± 34.29; both sexes 129.4 ± 122.53), but the differences were not statistically significant (males t6 = 0.90, P = 0.40; females t6 = 1.40, P = 0.21; both sexes t6 = 1.00, P = 0.35).
Within the single system, yearly changes in population size exhibited negative density dependence, with carrying capacity K close to 90 individuals per hectare (Fig. 5) ; thus, the average value recorded for the single system was slightly below the carrying capacity, whereas those in multiple populations exceeded it.
Collated data from multiple systems, 2007, were used to estimate total population size ("Superpopulation") of E. aurinia in the Czech Republic. The computation is based on 9,478 marked and 2,911 recaptured individuals (Table 1) . The resulting Superpopulation model contained an additive sex and factorial time interaction, (g+t) for residence, a multiplicative (g*t) pattern for catchability and proportional recruitment responding multiplicatively to a polynomial of time (g*T 2 ) ( Table 2. ). The estimated total population was 25,350 individuals (16,900 males / 8,500 females). Summing the seven separate estimates for multiple populations returned 31,695 individuals (21,905 males / 9,760 females), a higher value, whereas the multiplication of total occupied area by carrying capacity K = 90 gives an equilibrium population of 27,000 individuals, which is close to the Superpopulation estimate.
DISCUSSION
This analysis of extensive data on the adult demography of Euphydryas aurinia revealed substantial variation both among years within the single population and among multiple populations in a single year. The study of 
longevity values across years and sites were selected from sets of alternative models that had the lowest-cAIC values and in which residence did not depend on time but differed between sexes (MARK notation: (g)). the single system over 8 years revealed density-dependent decreases in numbers following years of high abundance, whereas the comparison of multiple populations provided insights into the regional persistence of this species.
Residence, catchability and recruitment
The internal structures of the demography models, i.e. sex and time related responses of residence, catchability and recruitment, were more consistent among seasons within the single system than among multiple populations in a single year. As the single system field study was carried out in a more familiar environment in which it was easy to adapt marking to the temporal variability in the availability of nectar, mowing of parts of the grassland during the study period, or within-season shifts in the distribution of individuals, the single system results are considered to be more reliable. In the less familiar conditions of the multiple populations, it is likely that factors such as apparent emigration (butterflies temporarily leaving the sites) affected the results.
Most of the models indicate that males are more likely to be caught; catchability varied with when marked; hump-shaped patterns of recruitment and daily population size; and protandry, manifested in earlier beginnings and peaks of male recruitment. Similar patterns of residence, catchability and recruitment are reported in many MR studies of butterflies with discrete generations (e.g. Boggs, 1987; Nève et al., 1996; Wahlberg et al., 2002; Zimmermann et al., 2009; Fric et al., 2010) . For E. aurinia the CLM approach was used to estimate adult numbers in diminishing populations in Belgium (Schtickzelle et al., 2005) , in a highly abundant but fragmented population in Portugal (Junker & Schmitt, 2009 ) (both single seasons) and in a population inhabiting extreme conditions above the timberline in the Alps (Junker et al., 2010) (two seasons). Among other butterflies, particularly relevant are studies of the Argynnini nymphalids Proclossiana eunomia (eight seasons: Schtickzelle et al., 2002) and Boloria aquilonaris (three seasons, four systems: Baguette & Schtickzelle, 2003) .
Despite common patterns, there was considerable variation among years in the single system and among multiple populations in a single year. First, single system residence was consistently higher than in multiple populations. The simplest interpretation is that the more familiar working situation in the former, in which the marking of butterflies started early in the flight period, whereas in the latter, the beginning of the male flight period in systems I-V was missed and this resulted in lower estimated residences. Only for females in the single system was there a negative correlation between residence and density. This may imply a decrease in female survival or increase in female emigration (Baguette et al., 1998) .
E. aurinia residence was constant in time but differed between sexes in nine out of fourteen Best models, but there was no consistent difference between sexes. Similar variation in demographic patterns is revealed by the analysis of Nowicki et al. (2009) of a large data set on lycaenid butterflies. Residence constant in time implies that the probability of surviving for a further day is inde-pendent of their age when marked (i.e., mortality factors affect young and old adults similarly). This contrasts with the findings of Baguette & Schtickzelle (2003) on Boloria aquilonaris and Schtickzelle et al. (2002) on Proclossiana eunomia, which indicate residence often decreases linearly with age, allegedly because of factors such as predation or bad weather, which impair old more than young adults. Notably, constant residence is recorded also in single-year studies of three species co-occurring with E. aurinia at the single system site .
The average values for longevity, which are directly related to residence, were similar to the longevity previously reported for E. aurinia by Wahlberg et al. (2002) (Baguette & Schtickzelle, 2003) and P. eunomia (Schtickzelle et al., 2002) . E. aurinia lifespan thus suggests that its adults are quite "hardy", probably because they are protected by chemical defences sequestered from their host plants (cf. Wahlberg, 2001) . Although longevity varied among years, some of the individual lifespans reported here, such as 28 days for a male in 2005 (Table 3) , may be a record for a single-brooded checkerspot.
Catchability was significantly higher for males both in single system and multiple populations, despite two instances (systems I, VII) in which it was higher for females. A higher male catchability is frequently recorded in butterfly MRR studies (Schtickzelle et al., 2002; Baguette & Schtickzelle, 2003; Zimmermann et al., 2009; Kadlec et al., 2010) , including those on E. aurinia (Schtickzelle et al., 2005; Junker & Schmitt, 2010; Junker et al., 2010) , probably due to their more conspicuous activity, whereas the factorial response of catchability to time is due to variation in weather and marking effort (Schtickzelle et al., 2002; Vlasanek et al., 2009 ). In any case, if averaged across all years and systems, 16% of the males and 10% of the females were captured (mean of p's in Table 4) .
Recruitment was protandrous, as is recorded in many studies of temperate butterflies with discrete generations, including E. aurinia (e.g., Fric et al., 2010; Junker & Schmitt, 2010) . A notable exception with no signs of protandry is that of an alpine population studied by Junker et al. (2010) . Protandry results from evolutionary pressure on males to mate with recently emerged females and it is proposed that this may be outweighed by the selection advantage of both sexes emerging synchronously in extreme environments.
Population sizes, sex ratios and densities
The year-to-year variation in adult numbers recorded in the single system is considerably lower than the published coefficient of variation for identical and related species based on larval nest counts. For Belgian E. aurinia, Schtickzelle et al. (2005) report a CV = 0.80 for a nineyear study, and for E. maturna, Konvicka et al. (2005a) report a CV = 0.62. The lower fluctuations in abundance recorded for Czech E. aurinia are likely due to higher baseline values. The nest counts in the two above studies ranged between tens to hundreds, whereas the adult numbers reported here were an order of magnitude higher and the magnitude of the CV is inversely related to the mean.
The fluctuations in population size were more prominent in females, which were also generally less abundant. Although a higher variation in female numbers appears common in butterflies (e.g., Ehrlich et al., 1984; Schtickezelle et al., 2002; Nowicki et al., 2009) , there might be yet another factor causing the increased fluctuations in female numbers in E. aurinia. Appearing a week later than males, the females may be more severely affected by the harvesting of hay, which usually occurs in mid-June, when most of the males have already emerged, whereas some females are still in the pupae and may be destroyed.
The negative density dependence in annual numbers and the observation that both average density values and density ranges were similar in the single system and multiple populations, imply that all of the sites had a similar carrying capacity for E. aurinia. Negative density dependence is recorded for other butterflies (Baguette & Schticzelle, 2003; Enfjäll & Leimar, 2005; Nowicki et al., 2009) . In E. aurinia, density-dependent limits to population growth may include a shortage of host plant biomass (Succisa pratensis is rarely dominant at the sites and can be depleted by the larvae) and the activity of predators and parasitoids (cf. Konvicka et al., 2005b; Stefanescu et al., 2009) . Another density-regulating mechanism might be emigration from overcrowded sites (cf. Brunzel, 2002; Öckinger & Smith, 2007) .
The year to year variation in population density warns against determining the quality of particular sites based on short-term data (Thomas et al., 2002; Hellman et al., 2003) . Given that sites display mutually independent population dynamics (Hula et al., 2004; Bulman et al., 2007 ) the population at a site may be temporarily low rather than the site being of low quality.
Conservation implications
The estimates for the population of E. aurinia in the Czech Republic range from 25,000 to 32,000 individuals and the existence of a network of sites indicate that this species is not in imminent danger of extinction in this country. The fact that the Superpopulation CLM estimate was lower than the sum of the seven independently modelled systems is attributable to the movement of individuals between sites (migrating butterflies were recorded frequently). Still, the variation in the sizes of the populations among seasons and among sites within a season highlights the necessity to conserve as many local colonies as possible. Further, although most of the colonies are small, conservation should not be restricted to largeareas or high population density sites, as some of the smaller sites may become important if populations decline at the large sites (Hanski, 1999) .
